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A bstract
Watershed modeling is an important tool for quantifying the inputs of fresh water, 
sediments, and nutrients into receiving estuaries and potential changes in those loads under 
scenarios including changes in land use and climate. There are a variety o f existing watershed 
loading models available, from simple to complex, but a spectrum of these models have yet to be 
applied and compared in a low relief, coastal plain setting. This project has been conducted as 
part of the Defense Coastal/Estuarine Research Program (DCERP), which has focused on the 
impact of Marine Corp Base Camp Lejeune (MCBCL) and activities in the surrounding 
watersheds on the New River Estuary (NRE), located in southeastern North Carolina. As part o f 
DCERP, nine sub-watersheds on MCBCL with contrasting land use were monitored to allow 
computation of freshwater, sediment, and nutrient loads to the NRE. In the current project, these 
loads were used to assess the performance o f two existing watershed models using the 
Environmental Protection Agency’s (EPA) Better Assessment Science Integrating point and 
Nonpoint Sources (BASINS) 4.0 modeling suite: the relatively complex, temporally-resolved 
Hydrologic Simulation Program-Fortran (HSPF), and the relatively simple, annually-resolved 
Pollutant Loading (PLOAD) model. For both models, the 2001 National Land Cover Data were 
used for analysis; this dataset was compared to the recently released 2006 NLCD dataset and 
changes were found to be small. Monthly HSPF model output generally followed precipitation 
trends, and tended to over-predict freshwater stream flow and under-predict sediment and 
nutrient loads. PLOAD reproduced annual loads of total nitrogen within measured ranges, 
under-predicted annual loads of total suspended solids, and was less successful at predicting 
PO4 3" loads. Results from HSPF and PLOAD were combined with those from six other 
modeling approaches applied during DCERP to complete a spectrum of models from simple to 
complex. Model output from HSPF and PLOAD was scaled up to estimate loads entering the 
NRE from that portion of its watershed lying on MCBCL. Model estimates suggest that 
approximately 5-6% of the total nitrogen entering the NRE from external sources originates from 
the MCBCL watershed, a value on the lower end but within the range of estimates from other 
models applied to the system. Scenarios were run within HSPF to investigate how the 
conversion of forested land to impervious surfaces on MCBCL may alter existing loads; the 
model was relatively insensitive to changes in impervious surfaces. Neither PLOAD nor HSPF 
predicted nitrogen, phosphorus, and sediment loads better than the other watershed models 
applied during DCERP. The results of this study combined with development of other models 
suggest that simpler models, such as PLOAD, are able to estimate loads to the NRE as well as 
more highly technical models, such as HSPF, and that regardless of model choice a focus on 
loads at the annual scale is most justifiable.
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Quantifying Watershed Loads to a Low Relief, Coastal Plain Estuary: the New River Estuary,
NC
Introduction
Importance o f Watershed Loading to Estuaries
Estuaries are among the most productive ecosystems in the world, with the presence of 
seagrasses, phytoplankton, benthic macroalgae and benthic microalgae contributing to the high 
rates of production (Boynton and Kemp, 1982; Boynton et al., 1996; Valiela et al., 1997; 
McGlathery et al., 2007). Estuaries are also economically important and provide essential 
habitat for the life cycles of recreationally and commercially important fish species such as 
striped bass, oysters, salmon, and crabs (Houde and Rutherford, 1993; Nixon and Buckley, 2002; 
Breitburg et al., 2009). The United States has taken steps to protect these vital habitats from 
pollution, development, and overuse (Clean Estuaries Act of 2010). Eutrophication is widely 
recognized as the most serious threat to estuarine ecosystems and is typically related to human 
activity (Nixon, 1995; NRC, 2000; Pinckney et al., 2001; Duarte et al., 2009; Paerl, 2009). 
Eutrophication is defined as an increase in the rate of supply of organic matter to an ecosystem 
(Nixon, 1995, 2009), and most often results from increased nutrient loading. Despite the efforts 
that the United States and other countries have taken to protect estuaries, eutrophication has 
become a significant problem worldwide and studies of eutrophic systems have been on the rise 
over the last half-century (Nixon, 1995, 2009; Boynton and Kemp, 2000; NRC, 2000; Borah et 
al., 2006). Shifts in the amount of organic material supplied to a system can vary as a function of 
changes in climate, coastal population sizes, and land use. As a result of increased combustion 
of fossil fuels, land clearing and development, increased coastal population size, increased use of 
fertilizers, and large scale farming operations, the amount of nutrients delivered to coastal waters
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has significantly increased and disrupted the fragile balance between ecosystem production and 
respiration (Nixon, 1995; Cloem, 2001).
For decades it was thought that this increase in productivity due to nutrient enrichment 
would flow up the food web to promote fish stock growth. However, continuously high inputs of 
nutrients allow for primary productivity to remain high, and significant and often detrimental 
changes to estuarine ecosystems can result (Nixon, 1995, 2009; Kemp et al., 2005). Nixon et al. 
(1996) reviewed data from a variety of phytoplankton-based marine systems and demonstrated a 
direct relationship between loading of dissolved inorganic nitrogen (DIN) and primary 
production. Depending on the characteristics o f a particular system, this increase in production 
could be detrimental to essential ecosystem functions (Cloem, 2001; Pinckney et al., 2001;
Kemp et al., 2005). For example, impacts due to nutrient loading depend on how quickly 
nutrient inputs and phytoplankton biomass are flushed out of a system (Valiela et al., 1997; 
Monbet, 1992; Pinckney et al., 2001; Lucas et al., 2009). If increased loading is persistent, 
especially in systems with residence times on the order of months to years, community 
composition can be permanently modified, and lower trophic levels will be favored (Pinckney et 
al., 2001). Long-term trophic shifts can result in zones of anoxic and hypoxic waters caused by 
intense deposition and degradation of nutrient-fueled organic material (Paerl, 1998; Hagy et al., 
2004; Kemp et al., 2005). Seagrass growth and coverage in estuarine systems can also be 
indicators of eutrophic conditions, where increased phytoplankton and macroalgal biomass can 
decrease light availability and reduce seagrass abundance and distribution (Valiela et al., 1997; 
Kemp et al., 2005; Greening and Janicki, 2006). Additionally, increased water temperatures 
related to climate change can induce stronger water column stratification, and increase the rate of 
organic matter respiration. Increased temperatures and stratification combined with increased
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nutrient loading promote ideal conditions for harmful algal blooms (Paerl and Scott, 2004; Paerl 
and Huisman, 2008).
A great deal o f effort has been put forth to reduce nitrogen and phosphorus inputs to 
estuarine and coastal marine systems that are not well flushed in an attempt to reverse the 
negative effects of greater nutrient influx (e.g., EPA, 1999). Updated sewage systems, enhanced 
control over fertilizer production and regulated agricultural use have significantly reduced 
nutrient inputs and reversed negative effects in some estuarine systems (Mallin et al., 2005; 
Greening and Janicki, 2006; Nixon, 2009). However, reduced watershed loads to a system do 
not necessarily result in improved water quality as there may be significant lag times before 
improvements can be detected due to possible shifts in ecological diversity within the system or 
hysteresis effects as the system works towards a new equilibrium (Duarte et al., 2009).
Watershed nutrient loads are typically accompanied by inputs of river-borne sediments. 
Sediment loading to estuaries is a natural process and contributes to functions such as nutrient 
supply, marsh accretion and therefore buffering against coastal erosion, and burial of 
contaminated sediments (Valette-Silver, 1993; Boynton et al., 1995, 2008; Mudd et al., 2009). 
However, increased development and agricultural land use have the potential to significantly 
elevate sediment inputs above background levels (Howarth et al., 1991; Brush, 2001). Elevated 
sediment concentrations can increase water turbidity, restrict light penetration, and inhibit 
seagrass growth resulting in drastic shifts in ecosystem structure and function (Thrush et al., 
2004; Kemp et al., 2005). Reduced light penetration also limits production by 
microphytobenthos, thus limiting their ability to sequester nutrients and mediate against the 
effects o f increased allochthonous nutrient inputs (Anderson et al., 2003; Kemp et al., 2005; 
McGlathery et al., 2007). Elevated land-based sediment loads can also transport particle-bound
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nutrients that further stimulate primary production of organic matter (Boynton et al., 1995, 2008) 
which further contributes to hypoxia (Paerl et al., 1998).
Nutrients and sediments are carried through watersheds to estuaries in freshwater 
discharge. Watershed inputs of fresh water affect various estuarine processes, including primary 
production, secondary benthic production, increased stratification, increased nutrient inputs and 
fish recruitment (Boynton and Kemp, 2000; Kemp et al., 2005; Kim and Montagna, 2009; 
Gillson, 2011). Salinity distributions can be used to track freshwater influxes, which can also 
introduce chromophoric dissolved organic matter (CDOM) to an estuary in addition to nutrients 
and sediments (Anderson et al., 2012). The combined effects of nutrient-stimulated algal 
blooms, suspended sediments and CDOM can increase light attenuation, decrease the amount of 
light that reaches the bottom and negatively impact benthic primary production (Anderson et al., 
2012). Fresh water inflow also determines the flushing rate of estuaries, and prolonged flushing 
rates combined with low benthic primary production can make estuaries more susceptible to 
anthropogenic nutrient loading and eutrophication (Bricker et al., 1999; Cloem, 2001; Hagy and 
Murrell, 2007). Finally, freshwater inputs increase stratification through strengthening of 
vertical density gradients, which can exacerbate bottom water hypoxia (Boynton and Kemp, 
2000; Hagy et al., 2004; Kemp et al., 2005).
Importance o f Watershed Modeling
Given the importance o f watershed loads to estuarine ecosystems, monitoring and 
modeling of those loads is critically important. Watershed monitoring involves the measurement 
and observation of environmental parameters over time. It can effectively be used to analyze the 
efficacy of point and non-point source pollution reduction practices or to enforce environmental 
protection law infringements. Watershed modeling requires monitoring data for model
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development, calibration, and validation (NRC, 2000). The modeling approach is comprised of 
several steps including data collection, model input preparation, parameter evaluation, 
calibration and validation/verification, and scenario analysis. When completed, a user is able to 
gain insight into changes in watershed nutrient, sediment, and freshwater loads through the 
analysis o f alternative scenarios including changes in land use, climate change and increased 
frequency of storm events. Watershed monitoring and modeling tools can be used for the 
management and regulatory decision making process and to assist in developing national marine 
environmental protection policy (NRC, 2000).
As the application of watershed models continues to rise, it is increasingly important to 
address the assumptions and inaccuracies in models and to compare a range of modeling 
approaches from simple to complex. Alexander et al. (2002) compared a range o f models for 
predicting nitrogen export from 16 large, regional watersheds of the northeastern U.S. The 
models tested differed in the method of calibration, degree of spatial resolution, and complexity 
o f rate processes. While most models estimated loads within 50% of measured values, model 
bias differed widely among the models, with the more complex models generally having lower 
bias and higher precision, where bias was defined as the median of the prediction errors and 
precision as the reciprocal of the interquartile range. Alexander et al. (2002) also determined 
that a key facet of inaccurate watershed model predictions could be attributed to the inability of 
some models to account for the full range of sources, sinks, and processing of total nitrogen 
within the watersheds.
A similar comparison of multiple watershed models has yet to be conducted for the 
relatively small watersheds throughout the low relief coastal plain of the U.S. Mid-Atlantic coast. 
Im et al. (2007) compared annual and monthly loads of fresh water and sediments predicted by
5
two watershed models, the Soil and Water Assessment Tool (SWAT) and Hydrologic Simulation 
Program-Fortran (HSPF) in Polecat Creek, VA, which lies on the border of the Piedmont and 
Coastal Plain provinces of Virginia. Both models adequately simulated hydrologic and sediment 
loads, with HSPF more accurately predicting monthly loads of fresh water and SWAT more 
accurately predicting loads of sediment While this comparison is a start, there exists a need for a 
more thorough comparison of a wider range of models in terms of their ability to simulate fresh 
water, sediment, and nutrient loads on a variety of time scales in a coastal plain setting.
New River Estuary, NC
The New River Estuary (NRE), NC is an example of a coastal system subjected to 
elevated nutrient and sediment loading. The NRE is a dynamic system with numerous confined 
animal feeding operations (CAFOs) and harvest crops within its watershed. There is also a 
concentrated population within the city of Jacksonville, NC at the head of the estuary, and living
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Figure 1. New River Estuary and watershed from Brush (2012). Streamlines are
from the USGS National Hydrography Dataset (NHD).
on Marine Corp Base Camp Lejeune (MCBCL) which surrounds almost the entire lower portion 
of the system (Fig. 1). The estuary is shallow (mean depth ~ 2 m), has a median flushing time of 
64 days, and phytoplankton primary productivity in the system is nitrogen limited (Ensign et al., 
2004; Mallin et al., 2005; Brush, 2012.; Paerl and Reckhow, 2012). The presence of barrier 
islands at the mouth o f the estuary creates a system with small restrictive channels requiring 
frequent dredging. Therefore, the estuary is primarily comprised of low flow creeks and broad 
polyhaline and mesohaline lagoons (Mallin et al., 2005).
During the 1980s and 1990s the combined effects of outdated sewage treatment plants 
and numerous CAFOs made the NRE one of the most eutrophied estuaries in the southeastern 
United States, with widespread anoxia and hypoxia (i.e., low dissolved oxygen or DO) and 
massive phytoplankton blooms (Bricker et al., 1999; Mallin et al., 2005). In 1998, the city of 
Jacksonville and MCBCL updated their respective sewage treatment plants resulting in increases 
in bottom water DO and light penetration, and decreases in key nutrients for phytoplankton 
growth such as orthophosphate and ammonium (Mallin et al., 2005). While average bottom 
water concentrations of DO increased, there were still periods of severe hypoxia, indicating a 
greater need for efforts to improve water quality. As the population in and around the city of 
Jacksonville continues to grow and MCBCL continues to expand its population and training 
efforts, there will be increasing anthropogenic stress placed on the NRE. For that reason, it will 
become even more vital to track, predict, and model these changes to ensure the long-term 
sustainability of the NRE.
The need to sustain the NRE for the military training efforts at MCBCL combined with 
the degree of anthropogenic impacts on the system led the Department of Defense to institute the 
Defense Coastal / Estuarine Research Program (DCERP) as a research and management effort in
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July 2007. DCERP is focused on the need for greater understanding of NRE physical, 
geological, chemical, and biological processes in order to sustain military training efforts without 
further negative impacts on the NRE. Fundamental to the objectives o f DCERP is the 
quantification of watershed loads of fresh water, nutrients, and sediments to the estuary, which 
are being measured by DCERP researchers. Currently, the DCERP project monitors loads from 
10 small sub-watersheds with contrasting land use located on MCBCL, while the United States 
Geological Survey (USGS) maintains two gauging stations on the New River, the major source 
o f fresh water to the estuary from the upland watershed.
Given the importance of fresh water, nutrient, and sediment loads to receiving estuaries, 
quantification of current loads to the NRE and potential changes in those loads is an essential 
part o f DCERP. A spectrum of watershed models from simple to complex are being developed, 
tested, and applied to determine their accuracy and ease of use for management personnel at 
MCBCL. The Environmental Protection Agency (EPA) has developed the Better Assessment 
Science Integrating point and Nonpoint Sources (BASINS) software package that incorporates a 
variety of watershed models and calibration tools that operate within a Windows-based GIS 
interface. The purpose of the current project is to apply two o f these models, HSPF and PLOAD 
(Pollutant Loading), within BASINS to compute loads and likely changes in those loads due to 
changes in land use, as marked by increases in impervious surfaces on MCBCL, and climate, as 
manifested by changing water temperature and precipitation patterns. These two models will 
complete the spectrum of DCERP watershed models under development and facilitate selection 
of an optimal model for use by management personnel.
Materials and M ethods
Study Sites and Loading Data
Twelve sub-watersheds have been monitored within the NR£  watershed during DCERP, 
referred to as Airport, Camp Johnson, Cogdels, Courthouse, Freeman, French, Gillets, Gum 
Branch, Southwest, Tarawa, Traps, and Jacksonville (Fig. 2). Camp Johnson and Jacksonville 
were excluded from model calibration due to insufficient data collection for computing reliable 
loading rates. Gauge stations were either maintained by the USGS (Gum Branch, Jacksonville) 
or Dr. Michael Piehler (University o f North Carolina) as part of the DCERP program. Stations 
on MCBCL (Piehler) were located at the furthest accessible point downstream within each sub­
watershed, while remaining above the influence of tides. The USGS gauge at Jacksonville was 
located in tidal waters, while the gauge at Gum Branch was rarely tidal.
Jacksonville
Camp Johnson
Gum Branch
Tarawa
CogdelsSouthwest
French
Courthouse
installation_area
ELEV A TIO N
V alue
Figure 2. NRE watershed and gauged sub-watersheds. Elevation values are in feet and 
were obtained from the MCBCL 20-foot resolution digital elevation model for Onslow
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Rates of freshwater flow at the MCBCL sites were recorded every 30 minutes beginning 
at various times during 2008 and running through June 30, 2010. Concentrations of in situ 
dissolved inorganic nutrients (NH4 +, NOx", and PO4 3'), total dissolved nitrogen (TDN), total 
nitrogen (TN), and total suspended solids (TSS) were measured monthly. Two methods were 
used to calculate stream flow; some streams were equipped with automated samplers while 
others were equipped with water level gauges. Sites equipped with automated samplers (ISCO 
models 6700 or 6712) were also equipped with ISCO model 750 Area Velocity Modules. The 
automated flow sensors used ultrasonic Doppler technology to measure velocity and a pressure 
transducer to measure water level at each station at 30-minute intervals, except during storm 
events when continuous measurements were recorded. At sites that were equipped with water 
level gauges, handheld continuous flow meters were used to calibrate the mathematical 
conversion of stream depth to flow rate. Gauges were placed in culvert pipes with known 
dimensions, thus reducing calculation errors due to variable cross-sectional stream morphology. 
Flow velocity was translated into stream discharge using the Manning Equation (Qdisdwge =
Vvelocity Aarea)- When mechanical errors resulted in missing discharge data, interpolations were 
performed through the resulting gaps.
Water samples were collected before, during and after storm events, filtered (0.7 pm 
nominal pore size), and analyzed using a Lachat Quick-Chem 8000 automated ion analyzer to 
determine concentrations of nitrite and nitrate (NOx"), total dissolved nitrogen (TDN), 
ammonium (NH4 +), and phosphate (PO4 3'). When concentrations were below the analytical 
detection limit, values were set at the limit (NOx": 0.043//M, NH 4 +: 0.182 //M, PO4 3': 0.059 //M 
and TDN: 2.529 //M) (Schwartz, 2010). Additional water samples were filtered (0.7 pm nominal 
pore size), dried, and weighed to determine the concentration of total suspended solids (TSS)
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using standard protocols (“Standard Methods for the Examination of Water and Wastewater”
20th Edition, 1998 Method 2540 D, 2-57) (Schwartz, 2010).
|At the USGS Gum Branch station, freshwater flow was recorded approximately every 15 
minutes over the same period as for the MCBCL sites. Nutrient loads were computed by Brush 
(2 0 1 2 ) using a combination of mean concentrations and flow-concentration regressions using 
nutrient data collected approximately monthly from 1987 to 2001 (NH4 +, NOx\  TKN = total 
Kjeldahl nitrogen, PO4 and TP = total phosphorus). All available data for the two year period 
at the MCBCL sites and Gum Branch were used for model calibration and to scale the HSPF 
model to the entire watershed.
Model Input Data
Data were loaded into BASINS 4.0 (www.epa.gov/waterscience/basins/) and manipulated 
for use in the HSPF and PLOAD watershed models. Sub-watershed boundaries were previously 
delineated in ArcGIS by Juliette Giordano and Mark Brush using a 6.1 m (20 foot) resolution, 
LIDAR-based digital elevation model (DEM) provided by MCBCL (Brush, 2012). These 
boundaries were used directly in PLOAD but had to be modified for use in HSPF (see below). 
Land use distributions were obtained from the 2001 National Land Cover Data (NLCD) 
downloaded from the BASINS 4.0 website which included 26 different land use classes. The 
2001 NLCD were reclassified into a simpler set of 13 land use classes: open water, developed 
(open space), developed (low intensity), developed (medium intensity), developed (high 
intensity), barren land, deciduous forest, evergreen forest, mixed forest, shrub/scrub, herbaceous, 
woody wetlands, and emergent herbaceous wetlands. The simplified land use classification 
scheme was used for both MCBCL (Fig. 3) and each sub-basin (Fig. 4). During the course of 
this project, the 2006 NLCD were released so land use distributions were compared to those in
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the 2001 dataset. The percent of impervious surfaces on MCBCL increased minimally from 
4.02% to 4.28%, and the area of land within the 13 land use categories was highly correlated
■j
between the two datasets (r =0.91). When the land use categories for the 2001 and the 2006 
datasets were refined and grouped into four major categories (water, barren, developed, and 
natural vegetation) the two datasets were again highly correlated (r =0.99). Therefore, the 
decision was made to continue using the 2001 NLCD for the entire project. High resolution 
USGS National Hydrography Dataset (NHD) flowlines were used in the manual and automatic 
watershed delineation tools to burn-in streams and define the stream network (see below). The 
USGS Map Accuracy standards define high resolution NHD data as having 90% of the NHD 
flowlines lying within 40 feet of their true geographic position on a 1:24,000 to a 1:5,000 scale.
Solar radiation data were downloaded from the nearest available station, NOAA station 
312517 in Durham, NC, approximately 200 km northwest of the NRE, and the remainder of the 
required meteorological data were downloaded through BASINS for NOAA station 723096 
(New River MCAS) at the head of the NRE (Table 1). Except for daily minimum and maximum 
air temperature, hourly meteorological data were used instead of daily values to avoid use of the 
WDMutil disaggregation tool in BASINS. Cloud cover data were not available in the initial 
meteorological dataset so the data were downloaded from the NOAA National Climatic Data 
Center (NCDC) for the New River MCAS station. The initial cloud cover dataset was coded as 
clr (clear), set (scattered), brk (broken), ovc (overcast), or obs (obscured). BASINS 4.0 requires 
data on a tenths scale; therefore all data labeled ‘clr’ were assigned a value of 0 , all data labeled 
‘set’ were assigned a value of 0.3, all data labeled ‘brk’ were assigned a value of 0.7, and all data 
labeled ‘ovc’ or ‘obs’ were assigned a value of 1. Meteorological data were uploaded into 
WDMUtil, a data pre-processor tool within BASINS, and formatted into a .wdm file for use in
12
HSPF. Point source loads were obtained from the EPA Water Discharge Permits website (EPA- 
PCS, 2009).
MCBCL
grassland. 
14%
shrub
6%
wetlands
23%
urban
imperv
4%
barren land
2%
Figure 3. Land distribution on MCBCL determined from the 2001 National Land Cover 
Dataset. Total area of MCBCL is approximately 26,836 hectares.
13

Table 1. Meteorological data used for the BASINS HSPF watershed model.
Variable Time
Step
Abbreviation Units Station
Dew point hourly DEWP F New River MCAS
Mean wind speed hourly WIND mph New River MCAS
Solar radiation1 hourly SOLR Langleys Durham, NC
Precipitation hourly PREC mm New River MCAS
Minimum temperature daily TMIN F New River MCAS
Maximum temperature daily TMAX F New River MCAS
Cloud cover hourly CLOU tenths New River MCAS
Units converted for use
2  Calculated
Once all required data were loaded into BASINS 4.0, the location of each gauge (based 
on GPS coordinates) was checked to ensure that it was located as far downstream as possible 
within the delineated sub-watershed and overlapped the NHD flowlines. The HSPF model 
requires use of the automatic watershed delineation tool to specify the desired outlet (i.e., the 
gauge station for each sub-watershed), and to burn in the NHD flowlines. The NHD flowlines 
were then extended to include the drainage ditches using the automated delineation tool based on 
the MCBCL DEM. However, the automated delineation tool did not permit use of our 
previously delineated sub-watersheds, but instead created its own delineation. (Conversely, the 
manual watershed delineation tool can use previously delineated sub-watersheds, but does not 
permit specification of outlet points or input of NHD flowlines.) Given our desire to use 
watershed boundaries consistent with our previously delineated boundaries used in other DCERP
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watershed models, a combination of the output from both delineation methods was used. The 
previously delineated sub-watershed boundaries were input into the manual watershed 
delineation tool, and were combined with stream networks and outlet points created with the 
automated watershed delineation tool.
HSPF Model
The Stanford Watershed Model (SWM) was developed by Dr. Norman H. Crawford and 
Dr. Ray K. Linsley in 1966 to help civil engineers understand the value of a continuous digital 
simulation of hydrological processes. The SWM model has evolved into the HSPF model and is 
a process-based, lumped-parameter model. Over the years, the EPA and USGS have worked to 
maintain and enhance the model by incorporating it into the BASINS 4.0 program, but the same 
basic principles that were designed for the SWM still apply to HSPF. One important 
enhancement in HSPF has been to account for multiple land use types and simulation of natural 
and man-made changes to land use over time, and the resulting effects on aquatic systems 
(Donigian and Imhoff, 2006).
HSPF uses meteorological, watershed land use, hydrographic, and water quality data to 
model watershed processes. The HSPF model is also capable of simulating various dynamic 
conditions within a watershed, including transport o f sediments, nutrients, and fresh water 
overland and within stream channels (USEPA, 2009). The watershed environment is simulated 
using nodes and zones, where nodes are points in space and zones are finite areas o f the 
watershed that contain homogenous storage characteristics (i.e., similar land use). Nodes and 
zones can be linked to represent channel reaches and land characteristics in order to model the 
hydrologic cycle. Once the composition of the land and reaches are established for the
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watershed, sub-basins are created to directly determine the area of land that drains into each 
reach segment and to compute material transports from each segment. The model simulates 
major watershed processes in three modules: pervious land, impervious land, and channel 
reaches.
Specific watershed processes govern how HSPF computes pollutant transport over and 
through the land within the pervious and impervious land modules (Bicknell et al., 2005). 
Modeling of the hydrologic cycle over pervious areas of land is conducted using a linked set of 
theoretical and empirical mathematical functions to represent overland flow along with 
representation of soil processes. The pervious land module computes storages and fluxes of 
ground water, interflow and overland flow. Variations in erosion and sediment transport over the 
pervious land module are simulated by the wash-off of sediment in storage and the scour of the 
soil matrix (Bicknell, 2005; Gutierrez-Magness, 2005; Im et al., 2007). The impervious module 
uses the land use input data and simulates the urban/impervious areas where infiltration to the 
surface detention storage zone is negligible. Simulation o f processes on impervious surfaces is 
conducted similar to that of the pervious module; however the ability to regulate the rate of 
evaporation has been modified due to the changes in rates o f impervious retention storage. River 
reach processes are modeled using the reaches module, which simulates the unidirectional flow 
of water through areas as small as a stream segment or as large as the entire watershed. Within a 
reach, the HSPF model can simulate sediment accumulation, nutrient input, water temperature, 
hydrology, and solids that are directly input into the stream. It is assumed that once the 
constituents flow into the reach they are uniformly distributed and move at the same horizontal 
velocity as the surrounding water. Mass balance theory controls the inflow and outflow of
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nutrients and sediments, and processes such as precipitation and evaporation affect outflow from 
the stream reaches (Bicknell, 2005; Gutierrez-Magness, 2005).
HSPF Parameterization, Calibration, Scale-up, and Scenario Analysis
Calibration of the HSPF model was based on recommendations in the BASINS Technical 
Notes available through the supporting website
(http://water.epa.gOv/scitech/datait/models/basins/bsnsdocs.cfm#tech), which suggest that 
calibration of HSPF is done first for hydrology, followed by sediments, and lastly for nutrients. 
Because the New River is on the coastal plain, the model was set up with no losses to deep 
ground water (DEEPFR). The parameters that the hydrology portion of the model is most 
sensitive to include the index to infiltration capacity (INFILT), base ground water recession 
(AGWRC), and the amount of evapotranspiration (which is controlled through the 
meteorological data) (BASINS Technical Note #6, 2000).
Modeled sediment loads are controlled by transport-limited and sediment-limited 
conditions. Transport-limited conditions occur when the transport parameters are the driving 
force for sediment transport, such as near the beginning of major storms, periods following 
tillage or land disturbance, and during storms after an extended dry period on impervious 
surfaces. Sediment-limiting conditions occur when accumulation parameters are the primary 
factors influencing sediment transport, such as during small weather events, near the middle/end 
of major storms, during the latter part of the growing season and in general on impervious 
surfaces. The coefficient in the sediment washoff equations for pervious surfaces (KSER) and 
impervious surfaces (KEIM) are the primary controlling sediment parameters (BASINS 
Technical Note #8, 2006).
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Nutrients from non-point source pollution are modeled using wash-off processes of 
constituents and are based on simple relationships that constituents have with solids and/or 
water. Nutrient wash-off from the land is greatly impacted by soil temperature. For impervious 
surfaces, the build-up and wash-off process assumes that constituent accumulation occurs at a 
constant rate and there is no association with the sediment. For the constituents associated with 
sediment, it is assumed that there is an unlimited supply of sediment within the system and build­
up is not calculated for sediment associated particles. Constituent modeling on pervious surfaces 
that are not associated with sediment particles are associated with overland flow processes and 
are independent of storm/weather events. Constituents that are associated with sediment 
particles on pervious surfaces are impacted by wash-off and sediment scour processes (Lumb et 
al., 1994). For pervious surfaces, the primary controlling parameters include the amount of 
nutrient storage on the surface (SQO), the accumulation of the nutrient at the start of each 
calendar month (ACQOP), and the rate of surface runoff which will remove 90% of the stored 
nutrient per hour (WSQOP). For impervious surfaces, SQO, ACQOP, and WSQOP are also 
primary controlling parameters, but for these surfaces the maximum storage for each nutrient 
(SQOLIM) is also important (Bicknell et al., 2005).
HSPF allows for monthly variation of some parameters; however, given a lack of 
information on variation in these parameters and to make the most accurate comparison to other 
models applied to the NRE which use constant parameters, all model parameters were held 
constant throughout all model runs. Stream length was determined not to have a significant 
effect on the model and was therefore approximated using the ArcGIS measuring tool on NHD 
flowlines within delineated sub-watersheds. A mean stream length of 2.4 km was used for all 
MCBCL sub-watersheds and a stream length of 11.3 km was used for MCBCL as a whole.
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When HSPF was initially opened after the data input process within BASINS 4.0, 
parameter values were automatically populated for each sub-watershed. The automated 
parameter values were often not within reasonable ranges and often resulted in warning/error 
messages that would cause the model to crash. Therefore, parameter values used by Dr. Jian 
Shen (pers. comm.) in an ongoing application of the HSPF model on the Delmarva Peninsula, 
another low relief, coastal plain system with similar land uses, were often used as a starting point 
for model calibration. For each calibration step (i.e., hydrology, sediments, nutrients), one 
MCBCL sub-watershed was selected at random, and the parameters were manipulated, focusing 
on the parameters listed above, to obtain the best possible fit to monthly mean observations, 
assessed both visually and through regression of observed and modeled values. In general, 
parameter values were adjusted according to grouped land use types, where parameters for 
pervious surfaces, impervious surfaces, and water/wetlands were adjusted independently. The 
resulting .uci file containing model parameters was then copied and used as a template for the 
other MCBCL sub-watersheds, changing only the date range for the model run (to match that of 
the available data from each gauge) and the land use distribution within each sub-watershed. 
Monthly means o f daily modeled and observed loads were compared by visual fit and regression 
analysis for each sub-watershed, and annual means of daily loads were compared by regression 
across all MCBCL watersheds for all monitoring data when available.
Once calibration was complete for each sub-watershed, the .uci file was adapted to reflect 
that o f the entire NRE watershed located on MCBCL. Stream length was increased to 11.3 km 
based on the NHD flowlines and the change in elevation from the most upland portion of the 
watershed on the base to the estuary was increased from 3 m to 9.1 m based on the DEM, and the 
area of each land use type was modified to reflect that of MCBCL. HSPF was used to compute
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monthly loads of fresh water, sediments, and nutrients to the NRE from that portion of its 
watershed on MCBCL for January 1, 2008 through June 30, 2010. Modeled loads of TN were 
compared to the other main external sources of TN to the NRE (the upland watershed off-base, 
the MCBCL wastewater treatment facility, atmospheric deposition, and advection from Onslow 
Bay) determined as part of DCERP by Brush (2012) and Anderson et al. (2012), to assess the 
importance of MCBCL watershed processes to estuarine nutrient loading.
Finally, the calibrated HSPF model was used to assess potential changes in watershed 
loads from MCBCL to the NRE due to ongoing development on the base.. The effect of ongoing 
and future development on MCBCL was assessed by running HSPF with 5%, 10%, 15%, 20%, 
25% and 30% conversion of forested land to impervious surface relative to current land use 
distributions. Approximately 13% of MCBCL is currently covered by impervious surfaces based 
on the 2001 NLCD.
PLOAD Model
In contrast to the complex HSPF model, the Pollutant Loading Model (PLOAD) is a 
simple, generic export coefficient model for computing annual loads that has been adapted for 
use within the BASINS GIS interface. The model was designed to provide initial estimates of 
annual non-point source pollution within a watershed. The model can be run using two separate 
methods, the export coefficient method or the simple method. Within the export coefficient 
method, each of the pollutant loads from each watershed is calculated using export coefficient 
tables provided by the model. The simple method was the method chosen for use in this study, 
because it allows for the specification of annual precipitation and storm ratio values. The simple 
method calculates pollutant loads through derivation of the runoff coefficient for each land use
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specified within the watershed and the estimated percent imperviousness of each land use type 
(PLOAD User’s Manual, 2001).
The model requires, at a minimum, GIS-based National Land Cover Data (NLCD 2001), 
precipitation data and shapefiles of the watershed boundaries. There is an option to input 
various tabular data including pollutant loading rates, an impervious factor for each land cover 
type, and the efficiency of best management practices within the desired area. The model uses 
land use specific event mean concentrations of each pollutant to compute loads; standard tabular 
data values provided with PLOAD were used for all model runs given the lack of land use 
specific values. To facilitate a comparison of the ability of the simple PLOAD and complex 
HSPF models to compute annual loads, PLOAD was used to estimate the annual loads of total 
nitrogen (TN), PO4 3", and total suspended solids (TSS) in each MCBCL sub-watershed using the 
July 2008-June 2009 and July 2009-June 2010 annual rainfall totals recorded during DCERP 
(116.8 and 124.5 cm y '1, respectively).
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R esults
HSPF Model
Stream Flow
All HSPF results presented here focus on monthly and annual averages of daily predicted 
values. Time series o f daily predictions and observations are provided in the Appendix. HSPF- 
predicted stream flows closely followed the observed patterns of precipitation (Fig. 5). In 
general, HSPF over-predicted stream flow in most sub-watersheds, except in Southwest and 
Airport where the model under-predicted flow (Fig. 5, Table 2). Across all nine sub-watersheds, 
the coefficient of determination (R ) between measured and modeled monthly flows ranged 
between 0.035 in Tarawa and 0.5429 in Airport (Table 2). HSPF requires 12 months o f gauge 
data to compute an annual average, which does not necessarily correspond to a calendar year.
For 2008, Cogdels, Giletts, Traps, French and Tarawa had enough data to calculate an annual 
average, while all nine sub-watersheds had sufficient data in 2009 (Fig. 6 , Appendix Table 1). 
Annual average loads confirm the tendency for HSPF to over-estimate flows in 2008, with little 
relationship to measured flows in 2009 once the much higher values from Southwest were 
removed.
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Figure 5. Modeled (HSPF) and observed stream flows for each MCBCL sub-watershed. Upper 
panel gives regression results for mean monthly flows across all months where data were 
available. Annual mean flows are plotted for comparison but are not included in the regression. 
Lower panel gives the output as a monthly time series with observed precipitation (mean daily 
values each month). The time span of each plot is dependent on the time frame of gauge data 
available for each sub-watershed.
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2009-10 Airport Stream Flow Averages
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2008-10 Gillets Stream Flow Averages
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2009-10 Courthouse Stream Flow Averages
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2008-10 French Stream Flow Averages
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2008-10 Tarawa Stream Flow Averages
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Figure 6. Annual mean observed and modeled stream flow from all sub-watersheds for 
which an annual cycle o f data are available. Panel A of the annual stream flow averages 
for 2009 gives results for all sub-watersheds (most are clustered around the origin), and 
panel B removes the outlier (Southwest).
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3 1Table 2: Summary statistics for regressions between measured and modeled stream flow (m d‘ ) 
from each sub-watershed at the monthly and annual resolution.
R2 Slope Intercept
Freeman 0.50 0.99 12265.41
Southwest 0.25 0.25 2E+07
Cogdel 0.23 0.62 7.29
Airport 0.54 0.09 777.33
Gillets 0.25 0.69 9,846.5
Courthouse 0.07 0.42 1,108.09
Traps 0.08 0 . 2 2 1,390.27
French 0.05 1.26 20,196.33
Tarawa 0.04 -0 . 0 1 4,364.93
2008 0.57 2.29 4,229.85
2009 0 . 0 2 -0.16 13,149.54
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Sediment Load
Sediment loads to the sub-watersheds also followed the precipitation time series (Fig. 7). 
Coefficients of determination for monthly loads ranged from 0.0004 in Cogdels to 0.51 in 
Airport (Table 3). While Cogdels had the lowest R2, the modeled loads were nevertheless on the 
same scale as the measured loads and appeared to track the data. Conversely, while Airport had 
the highest R , the model predicted loads nearly one order o f magnitude lower than measured 
loads. The model over-predicted sediment loads to Southwest, Courthouse, Traps, and French, 
with the latter approximately three orders of magnitude different. HSPF under-predicted 
sediment loads to Airport and Tarawa, and predicted loads to Cogdels and Gillets in the correct 
range. The annual averaged daily loads revealed that there was not a general tendency for HSPF 
to either over or under-estimate sediment loads across the sub-watersheds for both 2008 and 
2009 (Fig. 8 , Appendix Table 1).
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Figure 7. Modeled (HSPF) and observed sediment loads for each MCBCL sub-watershed. 
Upper panel gives regression results for mean monthly loads across all months where data were 
available. Annual mean loads are plotted for comparison but are not included in the regression. 
Lower panel gives the output as a monthly time series with observed precipitation (mean daily 
values each month). The time span of each plot is dependent on the time frame of gauge data 
available for each sub-watershed.
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2008-10 Tarawa Sediment Averages
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Figure 8 Annual mean observed and modeled sediment load from all sub-watersheds for which 
an annual cycle of data are available.
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Table 3: Summary statistics for regressions between measured and modeled sediment loads (kg 
d '1) from each sub-watershed at the monthly and annual resolution.
R2 Slope Intercept
Freeman 0.05 -2.13 102.18
Southwest 0 . 0 0 2 -0.39 762.21
Cogdel 0.0004 -0.03 180.71
Airport 0.51 0.19 -6.91
Gillets 0 . 0 1 -0.62 0.09
Courthouse 0.003 -0.03 12.60
Traps 0.0007 -0 . 0 2 8.04
French 0 . 0 1 -37.79 87.17
Tarawa 0.09 0.03 44.15
2008 0.65 0.84 15.98
2009 0.03 -0.24 187.90
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NOr and NH± Loads
HSPF tended to over-predict monthly loads of both N 0 X’ and NH 4 + to the sub-watersheds 
(Figs. 9, 11; Tables 4-5). HSPF most accurately modeled monthly NOx' loads to Southwest, with 
a coefficient o f determination of 0.23. The least accurate simulation was in Traps, with an R of
I ^
0.0032. The model most accurately simulated monthly NH 4  loads to Courthouse, with an R of 
0.39, and least accurately in Gillets, with an R of 0.006. The model over-predicted loads for 
both nutrients in Southwest, Gillett, and French, and under-predicted loads of both nutrients in 
Airport and Tarawa. The model over-predicted loads for NOx" but under-predicted loads for 
NH4+ in Freeman. In Cogdels, the model predicted NOx' and NH4 + loads in the correct range, 
with the exception of late winter 2009 and early spring 2010. In Traps, the model over-predicted 
loads o f NOx", but predicted NH 4 + loads in the correct range after the first few months.
HSPF had a tendency to over estimated 2008 NOx' annual average loads, while in 2009 
the annual averages were generally in the correct range (Fig. 10, Appendix Table 1). HSPF 
annual loads of NH 4 + were within the same range as the data in 2008 and 2009, with no evidence 
for over or under-estimation (Fig. 12, Appendix Table 1).
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Figure 9. Modeled (HSPF) and observed NOx" loads for each MCBCL sub-watershed. Upper 
panel gives regression results for mean monthly loads across all months where data were 
available. Annual mean loads are plotted for comparison but are not included in the regression. 
Lower panel gives the output as a monthly time series with observed precipitation (mean daily 
values each month). The time span of each plot is dependent on the time frame of gauge data 
available for each sub-watershed.
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Figure 10. Annual mean observed and modeled stream flow from all sub-watersheds for which 
an annual cycle of data are available.
Table 4: Summary statistics for regressions between measured and modeled NOx‘ loads (kg d"1) 
from each sub-watershed at the monthly and annual resolution.
R2 Slope Intercept
Freeman 0.22 2.80 0.40
Southwest 0.23 8.40 0.13
Cogdel 0.04 0.52 0.08
Airport 0.10 -0.09 0.20
Gillets 0.11 1.16 0.37
Courthouse 0.008 -0.13 0.13
Traps 0.003 -1.22 0.10
French 0.005 0.01 0.04
Tarawa 0.01 -0.04 0.07
2008 0.14 -1.75 0.40
2009 0.17 -0.25 0.36
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Figure 11. Modeled (HSPF) and observed NH 4 + loads for each MCBCL sub-watershed. Upper 
panel gives regression results for mean monthly loads across all months where data were 
available. Annual mean loads are plotted for comparison but are not included in the regression. 
Lower panel gives the output as a monthly time series with observed precipitation (mean daily 
values each month). The time span of each plot is dependent on the time frame of gauge data 
available for each sub-watershed.
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Figure 12 Annual mean observed and modeled stream flow from all sub-watersheds for which 
an annual cycle of data are available.
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Table 5: Summary statistics for regressions between measured and modeled NH 4 + loads (kg d’1) 
from each sub-watershed at the monthly and annual resolution.
R2 Slope Intercept
Freeman 0.01 -9E-05 7E-05
Southwest 0.03 1.31 0.10
Cogdel 0.10 0.10 0.11
Airport 0.13 -0.02 0.007
Gillets 0.01 0.16 0.15
Courthouse 0.39 0.03 0.03
Traps 0.02 0.11 0.02
French 0.008 -0.01 0.05
Tarawa 0.11 -0.01 0.03
2008 0.20 0.68 0.06
2009 0.13 -0.34 0.13
6 6
PO/~ Load
Modeled PO4  ' loads to the sub-watersheds again followed the trends in precipitation, and 
followed observed loads more closely than for NOx’ and NH 4 + (Fig. 13, Table 6 ). Coefficients of 
determination for monthly loads ranged from 0.012 in French to 0.31 in Courthouse. The model 
over-predicted loads to Gillets, Courthouse, Traps, and French and under-predicted loads to 
Airport. The model slightly over-predicted loads to Cogdels and Courthouse, except in late 2009 
and early 2010 when loads were under-predicted despite greater precipitation. The model did 
fairly well estimating loads to Tarawa when the highest observed value was removed, except in 
late 2008 when loads were slightly under-predicted. The model reproduced loads in the correct 
range in Freeman and Southwest. Annual average loads were slightly over-predicted in 2008, 
while the annual averages in 2009 were within the correct range (Fig. 14, Appendix Table 1).
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Figure 13. Modeled (HSPF) and observed PO4 3" loads for each MCBCL sub-watershed. Upper 
panel gives regression results for mean monthly loads across all months where data were 
available. Annual mean loads are plotted for comparison but are not included in the regression. 
Lower panel gives the output as a monthly time series with observed precipitation (mean daily 
values each month). The time span of each plot is dependent on the time frame of gauge data 
available for each sub-watershed.
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Figure 14. Annual mean observed and modeled stream flow from all sub-watersheds for which 
an annual cycle o f data are available.
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3 1Table 7: Summary statistics for regressions between measured and modeled PO4 ' loads (kg d' ) 
from each sub-watershed at the monthly and annual resolution
R2 Slope Intercept
Freeman 0 . 0 2 0.23 0.08
Southwest 0.06 0.46 0 . 0 1
Cogdel 0 . 1 0 0.09 0.05
Airport 0.06 0 . 0 1 0 . 0 1
Gillets 0.03 0.40 0.07
Courthouse 0.31 0 . 1 1 0 . 0 1
Traps 0 . 0 1 0.19 0 . 0 1
French 0 . 0 1 -0 . 0 2 0.04
Tarawa 0.14 -0.0023 0 . 0 1
2008 0.41 1.91 0 . 0 1
2009 0.05 -0.15 0.06
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PLOAD Model
The PLOAD model predicted loads that were positively correlated with observed loads 
across the nine MCBCL sub-watersheds for TSS, TN, and PO4 3" (Figs. 15-17 and Appendix 
Table 2). Predicted loads for 2008 were more closely correlated with the observations than for 
2009. Generally, PLOAD was able to predict TSS loads within the range of the data for 2009, 
while TSS loads were under-estimated in 2008. PLOAD was able to estimate 2008 and 2009 TN 
loads fairly well, where all estimates were within the same range as the gauge loads. Overall, 
PO4  ' loads were not well predicted, with PLOAD over-estimating loads in both 2008 and 2009.
TSS Load to Sub-Watershed
100,000
on nnn ▲
Gauge (kg TSS y 1)
Figure 15. Modeled (PLOAD) and observed annual loading of total suspended solids across all 
nine MCBCL sub-watersheds. Rainfall totals were adjusted for each run of the model, and are 
indicated in the legend. The year 2008 represents the time frame of July 2008-June 2009 and the 
year 2009 represents the time frame of July 2009-June 2010.
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TN Load to Sub-Watersheds
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Figure 16. As for Fig. 15, but for loads of total nitrogen.
PCL3“ Load to Sub-Watersheds
350
300
250 • 2 0 0 8  (116.8 cm y-1) 
R2 = 0.2953200
150 A 2009 (124.5 cm y-1) 
R2 = 0.0819r> 100
20
G auge (kg P y 1)
Figure 17. As for Fig. 15, but for loads o f orthophosphate.
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Model Scale-up to MCBCL
A major focus of DCERP has been to quantify the importance of external sources of TN 
to the NRE given that phytoplankton production in the estuary is nitrogen-limited (Paerl and 
Reckhow, 2012; Mallin et al. 2005). HSPF and PLOAD predicted TN loads originating from 
that portion of the NRE watershed impacted by MCBCL were combined with estimates of loads 
from the other major sources of TN to the New River Estuary determined by Brush (2012) and 
Anderson et al. (2012) (Fig. 18). The analysis confirms the results from other DCERP watershed 
models (Brush,2012) that the TN load coming from MCBCL is much lower than loads coming 
from off-base portions of the watershed.
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Figure 18. Model comparison of the contribution of major external sources to the total TN load 
entering the New River Estuary. MCBCL loads were estimated with a variety of models 
including HSPF and PLOAD as part of this study. Other sources were quantified by Brush 
(2012) and Anderson et al. (2012). Briefly, the off-base load was scaled up from USGS data at 
its Gum Branch station, MCBCL wastewater treatment facility (WWTF) loads were computed 
from data provided by MCBCL, atmospheric deposition was computed from local NADPP and 
EPA CastNet stations, and the load from Onslow Bay was computed from published offshore 
nitrogen concentrations and model estimates of advective inputs of water from offshore.
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Land Use Scenarios
HSPF was used to simulate ongoing devlopment on the Base, by running scenarios with 
5%, 10%, 15%, 20%, 25% and 30% of Base land designated as impervious surfaces with all 
meoterological conditions remaining the same. Current land use on the Base includes 13% 
impervious surfaces, so for the 5 and 10% scenarios impervious surfaces were converted to 
forested lands, while in the 15, 20, 25, and 30% scenarios forested lands were converted into 
impervious surfaces. HSPF predicted increasing loads with increasing impervious cover, with 
relatively large impacts on loads of freshwater, N H 4+, and PO43', and much smaller effects on 
loads of sediments and NOx" (Fig 19).
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Figure 19. Predicted loads entering the New River Estuary from MCBCL with 5%, 10%, 15%, 
20%, 25%, and 30% of the Base covered by impervious surfaces. Measured loads under the 
current 13% impervious cover on the Base (“current”) are shown for reference.
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Model Comparison
Model results from the current study (both HSPF and PLOAD) were compared to results 
from the other models applied to MCBCL as part o f DCERP. These other models are 
summarized by Brush (2012) and range from application of empirical regressions to compute 
loads from land use distributions and physical watershed characteristics such as mean slope, an 
export coefficient spreadsheet model (Watershedss), a spreadsheet model with bulk attenuation 
coefficients (NLM -  Nitrogen Loading Model), and two applications of the Generalized 
Watershed Loading Functions approach (BasinSim and ReNuMa). The latter two models predict 
loads on both monthly and annual scales, while all others predict loads at the annual scale.
The annual loads of total nitrogen (TN), phosphorus (TP or PO4  "), and total suspended 
solids (TSS) predicted by each model for 2008 and 2009 were compared graphically (Fig. 20) 
and by comparison of coefficients of determination from regressions of observed and modeled 
loads (Table 2). ReNuMa tended to most accurately predict observed TN loads considering 
2008 and 2009 together. BasinSim, PLOAD, and Watershedss tended to over-predict TN loads 
while HSPF tended to under-predict loads. HSPF had the highest overall R for phosphorus 
loads, and modeled values were within the same range as the observations. Again, BasinSim and 
PLOAD over-predicted phosphorus loads to the sub-watersheds. PLOAD had the highest 
overall R for TSS loads, and the annual predicted loads were within the same range as the 
observations.
87
Fi
gu
re
 
20
. 
Co
m
pa
ris
on
 
of 
pr
ed
ict
ed
 
and
 
ob
se
rv
ed
 
an
nu
al
 l
oa
ds
 o
f 
to
tal
 n
itr
og
en
 
(T
N)
 f
rom
 
all
 m
od
els
 a
pp
lie
d 
to 
M
CB
CL
 
su
b-
G
O
C/3
'E03O,
£oo
'G
<DT3
>
OJ-hDhd>
c3
C/3
o
'S.
<D
c/3<D
T3
O
ST
Q
G
CDto£>o
T3
<L>>
-ad>
CD
"5d>
»-ia.
o
C/3
<L)
" O
O
00
O
O
C l
♦
0\ .
O'. O O“O O h  ^
y  r  i “c,
0+ ©+ *
^  & c l  ^
9
o
Ch
o
♦
o o o oo o © o© © © ©
*t “Cj Cl 1™H
(T -a *30 n i  avoid
Cm
C/3fl
C l
rcjCO #si
©  HO “-1cl + o
o
o o o
ooo
o
o
o  o  o  o  o  oo
<r,
o  o“C Cl
bt>
£H
£H
r*3
o o o o oo o o o© «c, o ir*
c{ 1—1 i-H
(i-A o^) M(I
OO
OO
00 RO 1C,
O  H  f  Cl , O
♦  K ® o  II
O  M .
H
c\O O',O «ci <C |
C l  H  C l
°  * © ^ II
oo
£
H
£4>
o
“C,
ooo
cl
ooo
o
o o o o o
bt
£H0/bt-
o
o©oo'
oo
V O
oo oo
(x a S>[) MX XdSH (t_a 5>p MX 1‘I VnM^ H
o
£H
T3d)
G
au
ge
 T
N 
(k
g 
y
COooc l
Cl<r,
O
c i
+ ©
°  Xc  l O  tr,O o\
r i Oo
in
c
o
o o o o o o o ©
r -  i o  i n  ' t  f o  N  h
(t_a 3:>0 XTX UI!SlI!sl:9
M 00
00-fCl
c i ©
c i
5/5
S3
o o o o o o ooo oo oo o  o  °  °. Cl
oo
z
H
5^Xfl
"w
0>
—^5
a>
H
hJ
E
CO o o  rr-, ONO _1_ VO o°  Z* cS °C I  °  n
♦ £  ii o
o  ,30
O
■DO
O
o\o
o oo ooo
o
ooo
rr-,
oooCl
61
zH0/
61'
(i-A MX SSpdl|S.B|BA\
r-Is- 'Oo
2} ci
§rC l  +O
o
o  o  o  o  o  o
61'<*,
ZH4/
61'
OV
OO
oo o  oCO VO © C I
( t _a S^ i) Ma iniSUfSBa (i-A 5X) MX WIN
£
H
o
5/5
2
biD
4>
G\ O O 
r I
o
rj
o\ 00V- o  
+ o
ooo
§  ^  o  Wi
r i <££
o  o  o
©  ©  Oo  o  o
O O o  o  o  o  o
ooo
(t-£320 MJLiioissa.igdtf
oos
'y
Ta
bl
e 
8. 
R 
va
lu
es
 o
f 
m
od
ele
d 
an
nu
al
 l
oa
ds
 c
om
pa
re
d 
to 
ga
ug
e 
m
ea
su
re
m
en
ts 
fro
m 
nin
e 
su
b-
w
at
er
sh
ed
s 
on 
M
C
B
C
L.
CNoo
o
o
ooCTj
o
m
o
oo
Ph
noooomno
o
c \
o
o
oo
oo
o
o
mnom
o
oo
CN
o
NOO
O
OO
oo 00
CN
o
m
o
o
NO
O
o
oo
ooo
o
o
00
o
n o
oo
CN
o
mr n00 oo o
o
o
o
o
oo
o
oo
o
CN'3-m
o
o
o
cn
o
oo
CM
n o
oo on on 2
°  °  °  so o °  S
CN CN CN
OO O n ON 2°  °  °  So °  °  S 
cn c i  cn r i
1oo o\ z i O  O  o  2°  °  °  s
CN CN CN
Oh
Finally, results of the land use conversion scenarios in HSPF were compared to those 
conducted by Brush (2012) using NLM and ReNuma (Fig. 21). All models predicted watershed 
yields of TN (loads per hectare) in the correct range, but the ReNuMa model followed the 
observations most closely.
O Observation
 NLM
 ReNuMa
HSPF
o o
% Impervious Surfaces
Figure 21. Comparison of NLM, ReNuMa, and HSPF loads of TN per hectare from MCBCL
across a range of watershed imperviousness. Model predictions are plotted with measured 
DCERP gauge data from the nine sub-watersheds on MCBCL.
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D iscussion
Model Calibration
The large number of parameters and ability to vary them on a monthly basis in the HSPF 
model gives the user the ability to fine-tune model predictions, but often there were no local data 
available to constrain parameter values during calibration. The HSPF model determines 
watershed runoff based on land use type and elevation, but the model does not create flow paths 
through the land. There was greater precipitation on MCBCL in 2009 than in 2008, but HSPF 
generally overestimated loads in 2008 and underestimated loads in 2009. The difference in 
annual precipitation between the two years may have resulted in the switch from positive to 
negative slopes between observed and modeled loads in 2008-09 and 2009-10, respectively, for 
all parameters except NOx' (Figs. 8, 10, 12, and 14). Similarly, slopes between observed and 
modeled loads using PLOAD displayed lower slopes in the second year (Figs. 15-17). Our 
focus, however, was on estimating long term average loads (multiple years) rather than short 
term loads (from year to year). Therefore, while changes in the annual regression slopes from 
year to year are important in this instance, if  the models are used to estimate loads over longer 
periods of time, then these changes are less important. Cogdels was the first sub-watershed 
calibrated in HSPF, and coincidentally its land use distribution most closely reflected that of the 
entire MCBCL. Forested land and urban surfaces combined make up 67% of Cogdels (Fig. 4) 
and 55% of MCBCL (Fig. 3) land area, and these two land uses have significant effects on HSPF 
output. Therefore, starting calibration with Cogdels was also advantageous given the availability 
of a full two years of gauge data.
Since the model was calibrated to Cogdels, it was expected that model output would best 
match the measured loads in this sub-watershed. Predicted loads in Cogdels were generally on
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the same scale as the observed values and R2 values were generally the highest across the sub­
watersheds. Although modeled freshwater stream flows were higher than the measured gauge 
data, the model generally followed the trends (e.g., peaks in loads) in the data. When the 
freshwater stream flow was initially calibrated, the model more closely matched flows.
However, when the sediment and nutrient simulations were initiated, predicted loads were far 
lower than observed loads. Therefore, the amount freshwater stream flow was intentionally 
increased in order to more accurately simulate the sediment and nutrient output. HSPF output 
followed the same general trend as the gauge data for sediments and nutrients in Cogdels, but in 
all cases missed the peaks in late fall 2009 and early spring 2010. The precipitation peaks during 
this time were only slightly higher than those recorded prior to that time frame, and it is 
unknown what caused the higher than normal gauge measurements. Spatial variability in rainfall 
across MCBCL was noted during the data collection phase o f DCERP, which could explain 
variations in freshwater output across sub-water sheds.
HSPF least accurately reproduced freshwater flow, sediment loads, and nutrient loads to 
Airport and French sub-watersheds. The model underestimated all output from Airport, even 
though the freshwater stream flow and sediment loads were correlated and had R values above 
0.5. The large area of impervious surfaces and the intricate ditches running through this sub­
watershed likely limit the ability of the model in this system because the model is a lumped 
parameter model that does not specify flow paths from the land when estimating stream flows. 
Models previously applied to Airport were also unable to reproduce the magnitude of and trends 
in freshwater flow, sediment loads, and nutrient loads (Brush, 2012). In contrast, the land use 
distribution in the Courthouse sub-watershed is most similar to that of Airport, but HSPF- 
predicted loads in this system generally followed the same trends as the gauge data and were
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within the same range as the measurements. The French sub-watershed is comprised mostly of 
grassland and wetlands, with very little forest or urban surfaces, unlike Cogdels. Since 
parameter values were used from the original Cogdels calibration, this could explain why HSPF 
overestimated loads in this sub-watershed.
The limited accuracy of HSPF in reproducing variations in loads between years and 
across sub-watersheds may be due to a number of factors. As noted above, HSPF is a lumped 
parameter model that does not specify flow paths from the land when estimating stream flows. 
This project focused on the low flow, non-tidal fresh water streams on MCBCL which often go 
dry, and HSPF is not able to model these conditions. Unlike traditional applications of HSPF, 
the landscape at MCBCL has little relief, contains several wetlands, and contains streams that 
often have little flow and act more like wetlands (M. Piehler, pers. comm.). HSPF has been 
noted to not perform well where the landscape is flat and wetland-dominated (J. Shen, pers. 
comm.), which is a problem on MCBCL since wetlands are sites of increased nutrient cycling 
and retention/removal prior to release to the estuary. These factors might partially explain why 
HSPF overestimated loads in the French Creek sub-watershed, since parameter values were used 
from the original Cogdels calibration where urban and forest are the primary land uses. If a sub­
watershed that had a higher percentage of wetlands was calibrated first and those values were 
used to estimate loads in the other sub-watersheds the modeled loads could potentially align with 
measured loads more closely.
Past applications of watershed models to the Tarawa sub-watershed have been 
problematic due to removal and construction o f new MCBCL housing units (Brush, 2012). 
During construction, storm water Best Management Practices (BMPs) were also implemented. 
The BMP construction required the release o f water between January and February 2010 that
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caused higher than normal freshwater stream flow, sediment loads, and nutrient loads. When 
these elevated flows were excluded from the gauge record, HSPF estimates of freshwater stream 
flow, sediment loads, and nutrient loads followed the measured loads more closely, but still not 
well enough to be considered reliable. After February 2010, HSPF over-predicted freshwater 
stream flow, but the R improved from 0.035 to 0.23. HSPF-predicted sediment loads continued 
to underestimate gauge measurements, but the R improved from 0.087 to 0.10. Since 
construction within Tarawa is now complete, current freshwater flows and sediment and nutrient 
loads are now the norm and should make future model implementation easier and predictions 
more reliable.
Scale-up and Scenario Analysis
Model scale up to estimate loads from MCBCL was relatively easy, and the scale up reinforced 
previous findings (Brush, 2012) that MCBCL is a relatively small source o f TN to the estuary. 
Since land use is the driving factor used by HSPF to estimate watershed loads, the use of 
Codgels for initial calibration provides confidence in the scale up to MCBCL given the similar 
land use distributions in the two watersheds. Even though MCBCL is a relatively small source 
of nitrogen to the NRE, the entry points of this nitrogen in the mid to lower portion of the estuary 
which is nitrogen-limited may cause these inputs to be more important than expected based on 
the small overall load.
Model Comparison and Recommendations
To date, there has not been a spectrum of models, from simple to complex, applied to a 
coastal plain setting and compared. This project provided an opportunity to make this 
comparison in a relatively small watershed with multiple gauged sub-watersheds with 
contrasting land use distributions. The various models that were applied produced a range of
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estimates, and no one model did the best at estimating loads of nitrogen, phosphorus, and total 
suspended solids. Both HSPF and PLOAD produced reasonable results that were within the 
same magnitude or at least followed the same general trends as the gauged loads. With the 
widespread use of the HSPF model, it was hypothesized that the model would have performed 
better relative to simpler models like PLOAD or those applied by Brush (2012). The PLOAD 
model was simple and straightforward to use, and predicted intermediate loads to the sub-basins. 
PLOAD is calibrated by adjusting the event mean concentrations (EMC) and the export 
coefficients, and each are based on run-off from different land use types. Due to the simplicity 
o f the PLOAD model, it was expected that it would be able to reproduce general trends but not 
have the same fine tuning capabilities as an intermediate or more advanced model.
The EPA developed the BASINS modeling suite as a user-friendly, yet highly technical 
program that is widely accepted for management decision making. Yet, the results of this study 
show that the highly technical models are not able to predict fresh water, sediment, and nutrient 
loads to the estuary better than simpler models. While there is ample literature available through 
the BASINS website on how to do the most basic model set up and runs, there is little 
information available on how to adapt the model in order to use non-standard input data. The 
HSPF manual is helpful, but does not inform the user about the underlying governing equations 
and the main controlling parameters. The technical notes were helpful in calibrating the 
freshwater stream flow and sediments, but the guidance was based on previous applications of 
the model rather than on direct measurements of parameter values. HSPF provides users the 
ability to control aspects of a watershed model that are not available in more simplified models. 
While this can be helpful to fine-tune a model and determine how various meteorological and 
land use changes affect watershed loads, it can also make it difficult to base parameter values on
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scientific measurements. The multitude of parameters can also require more model spin-up time. 
For example, the high initial estimates of sediment and NOx’ in Southwest are most likely 
attributed to model spin up rather than inaccuracies in estimated parameter values. Parameters 
can also be difficult to calibrate because some can vary monthly and across land use types, and 
these specific measurements are usually unavailable, as was the case in the current project. The 
inability to review the governing equations was another difficulty with using and learning the 
HSPF model, which might partially explain why a formal peer-reviewed, published sensitivity 
analysis has not been conducted. HSPF is a comprehensive model, but it is difficult to learn and 
implement without formal training and may not be suitable for management personnel not highly 
familiar with the program.
PLOAD was straight forward and worked as the EPA described, as a simplified model to 
determine general trends due to anthropogenic and climatic changes. PLOAD was easy to 
implement and provided estimates that fit general annual trends across the sub-watersheds. It is 
also capable of modeling implementation of BMPs, although this feature was not required for 
this project. Between the two models applied to MCBCL in the study, PLOAD is recommended 
for use by MCBCL management personnel for investigation of potential changes in watershed 
loads that could result from implementation of BMPs and other changes in the landscape. The 
management personnel on MCBCL need a simple model that is well calibrated and annually- 
focused; PLOAD meets these requirements. However, since no one model in the entire spectrum 
of models applied to MCBCL performed best (Brush, 2012), more than one model may be 
needed to capture the annual trends of the constituents studied. Based on statistical performance 
(Fig. 20, Table 7) and ease of use, ReNuMa is also recommended for modeling total nitrogen
98
loads. Together PLOAD and ReNuMa can easily be used in conjunction by management 
personnel to estimate and model nitrogen loads to the New River Estuary.
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A ppendix
Appendix Figure 1. Average daily observed and HSPF-modeled stream flow in each sub­
watershed.
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Appendix Figure 2. Average daily observed and HSPF-modeled sediment loads from each sub­
watershed.
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Appendix Figure 3. Average daily observed and HSPF-modeled N Ox' loads from each sub­
watershed.
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Appendix Figure 4. Average daily observed and HSPF-modeled NH 4+ loads from each sub­
watershed.
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Appendix Figure 5. Average daily observed and HSPF-modeled PO4 " loads from each sub­
watershed.
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